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ABSTRACT Ca21-binding proteins (CaBPs) represent key factors for the modulation of cellular Ca21 dynamics. Especially in
thin extensions of nerve cells, Ca21 binding and buffered diffusion of Ca21 by CaBPs is assumed to effectively control the
spatio-temporal extend of Ca21 signals. However, no quantitative data about the mobility of speciﬁc CaBPs in the neuronal
cytosol are available. We quantiﬁed the diffusion of the endogenous CaPB parvalbumin (PV) in spiny dendrites of cerebellar
Purkinje neurons with two-photon ﬂuorescence recovery after photobleaching. Fluorescently labeled PV diffused readily
between spines and dendrites with a median time constant of 49 ms (37–61 ms, interquartile range). Based on published data
on spine geometry, this value corresponds to an apparent diffusion coefﬁcient of 43 mm2 s1 (34–56 mm2 s1). The absence of
large or immobile binding partners for PV was conﬁrmed in PV null-mutant mice. Our data validate the common but so far
unproven assumption that PV is highly mobile in neurons and will facilitate simulations of neuronal Ca21 buffering. Our
experimental approach represents a versatile tool for quantifying the mobility of proteins in neuronal dendrites.
INTRODUCTION
Neuronal Ca21 signaling is characterized by highly localized
Ca21 inﬂux into the cytosol and subsequent redistribution
governed by diffusion. Functionally relevant distances for
Ca21 diffusion range from a few tens of nm in the case of
Ca21-triggered vesicle release at presynaptic terminals
(Rozov et al., 2001) to hundreds of nm for Ca21 signaling
between spines and dendrites (Takechi et al., 1998) and to
tens of mm for Ca21 signals in somata (Sala and Herna´ndez-
Cruz, 1990; Eilers et al., 1995a). Beside morphological
factors which, for example, may lead to compartmentaliza-
tion of Ca21 signals in single spines (Sabatini et al., 2002),
endogenous Ca21-binding proteins (CaBPs) have the
strongest impact on Ca21 diffusion (Zhou and Neher,
1993). CaBPs limit the range of action of free calcium ions
to ;100 nm in the case of fast and to ;1000 nm in the case
of slow buffer kinetics (Allbritton et al., 1992). Once bound,
the spread of Ca21 will be signiﬁcantly retarded if the CaBPs
are ﬁxed (Nowycky and Pinter, 1993). However, mobile
CaBPs can transport Ca21 over distances of several mm
(Allbritton et al., 1992; Nowycky and Pinter, 1993). This
buffered diffusion of bound Ca21 may, for example, carry
Ca21 from active synapses to neighboring, inactive ones
and, thereby, underlay Ca21-dependent forms of hetero-
synaptic plasticity (Lisman, 1989; Hansel et al., 1997; Yang
et al., 1999). For CaBPs that act as Ca21 sensors, such as
caldendrin (Yang et al., 2002), diffusion of the Ca21-protein
complex will directly determine their range of action.
Neurons express a large variety of CaBPs among which
parvalbumin (PV), calbindin D28k, and calretinin are the
most abundant ones (see Baimbridge et al., 1992 for
review). The Ca21-binding afﬁnities of most and the
binding kinetics of some CaBPs have been characterized
(see, for example, Na¨gerl et al., 2000). However, little
quantitative information about the mobility of these proteins
is available. To our knowledge, diffusion coefﬁcients of
speciﬁc CaBPs have only been determined in nonneuronal
cell types and only for two proteins: PV in skeletal and
calmodulin in smooth muscle cells (Maughan and Godt,
1999 and Luby-Phelps et al., 1995, respectively). Un-
fortunately, these data may not be applicable to other cell
types because calmodulin’s mobility strongly depends on
the activation state of the cell (Luby-Phelps et al., 1995) and
diffusion in skeletal muscle cells may be signiﬁcantly
affected by the regularly arranged myoﬁlaments. In neu-
ronal preparations, the mobility of endogenous CaBPs has
been assessed so far only indirectly, with no reference to
a speciﬁc protein. Zhou and Neher (1993) analyzed endo-
genous buffers in chromafﬁn cells, Gabso et al., (1997) in
axons of Aplysia neurons. These studies revealed upper
bounds for the mobility of endogenous Ca21 buffers present
in these cells. Protein-speciﬁc diffusion coefﬁcients, how-
ever, could not be derived. Their estimate would have re-
quired knowledge of the intracellular concentrations of the
relevant CaBPs, which was (and still is) not available. Taken
together, simulations of neuronal Ca21 dynamics have to
deal with major uncertainties regarding the role of buffered
diffusion of Ca21. This fact severely limits our understand-
ing of the functional roles of speciﬁc CaBPs, as well as
that of neuronal Ca21 signaling in general.
In this study we developed an approach that allowed us to
quantify the mobility as well as possible binding partners of
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speciﬁc proteins in the neuronal cytosol. Based on the
methodology of two-photon ﬂuorescence recovery after
photobleaching (FRAP) measurements of three-dimensional
diffusion (Brown et al., 1999), we took advantage of the
geometrical constrains of dendritic spines (Sˇpacˇek, J., 1985;
Harris and Stevens, 1988) to study one-dimensional dif-
fusion across spine necks of cerebellar Purkinje neurons. We
ﬁrst established and validated our approach by performing
FRAP measurements on spines loaded with ﬂuorescein
dextrans (Svoboda et al., 1996). Subsequently we quantiﬁed
the mobility of ﬂuorescently labeled PV.We obtained the PV
diffusion coefﬁcient and found no evidence for large or
immobile binding partners of PV. The latter ﬁnding was
veriﬁed in mutant animals that lack endogenous PV.
Our results show that PV is a highly mobile endogenous
Ca21 buffer that diffuses readily between spines and
dendrites on the timescale of synaptic Ca21 transients. Thus,
in cells that express large concentrations of PV, such as
Purkinje neurons, diffusion of PV-buffered Ca21 will
profoundly affect the spatio-temporal extent of dendritic
Ca21 signals. Our experimental approach will allow the
study of various other neuronal proteins, including the
widely expressed CaBPs, calbindin D28k and calretinin. The
resulting data will provide a quantitative framework for our
understanding of Ca21-dependent signal integration in
neurons.
METHODS
Animals and slice preparation
Acute cerebellar brain slices were prepared from 20- to 24-day-old wild-type
(CD-1) and parvalbumin-deﬁcient (PV/; Schwaller et al., 1999) mice.
Animals were anesthetized with isoﬂurane (Curamed, Karlsruhe, Germany)
and decapitated. The vermis was removed and mounted in a chamber ﬁlled
with cooled (0–28C) artiﬁcial cerebrospinal ﬂuid (ACSF; see below). 200-
mm thick parasagittal slices were cut using a HR2 vibratome (Sigmann
Elektronik, Heidelberg, Germany) and kept in ACSF at 378C for 45 min
before they were transferred to the recording chamber. The experiments
were performed at 20–228C.
Labeling of parvalbumin with Alexa Fluor 488
Puriﬁed rat recombinant PV (a kind gift of T. Pauls, Fribourg) was dissolved
in a 0.5 M NaHCO3 solution (pH 9.3) at a protein concentration of 2 mg/ml.
The protein solution was added to vials containing Alexa Fluor 488 reagent
(Alexa, mol wt ; 640; Molecular Probes, Leiden, The Netherlands) and
incubated in the dark for 1 h at 20–228C. The separation of the labeled
protein (PV*) from the excess labeling reagent was carried out on a desalting
column provided in the labeling kit. The gel resin was equilibrated with
a buffer consisting of 15 mM (NH4)HCO3 and 0.1 mM CaCl2. The
ﬂuorescent protein fraction was collected, divided into aliquots of 200 mg
and lyophilized in a Speed-Vac concentrator (Savant, Farmingdale, NY).
Samples were stored in the dark at either 20 or 708C for long-term
storage. The molecular Alexa/PV ratio was 0.8–0.9, as calculated from the
absorbance of PV* at 494 nm, the known protein concentration (assuming
a 95% recovery after desalting), and the molar extinction coefﬁcient of
Alexa 488 (71,000 cm1 M1).
Solutions
The ACSF contained (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 1 MgCl2, 2 CaCl2, 20 glucose, pH 7.3 to 7.4 at 20–228C when
gassed with 95% O2 and 5% CO2. The pipette solution was composed of (in
mM): 140 K-gluconate, 10 NaCl, 3 Mg-ATP, 0.3 GTP, 10 HEPES dissolved
in puriﬁed water (W-3500, as all chemicals, from Sigma, Munich,
Germany). The pH was adjusted to 7.3 with KOH. To this solution 500
mM of 10- or 40-kDa ﬂuorescein dextran (FD; Molecular Probes), or 100
mMPV* dissolved in puriﬁed water was added. Before use, the solution was
ﬁltered with a syringe ﬁlter (0.2 mm, Nalgene, New York).
Dye loading of Purkinje neurons
Purkinje neurons were equilibrated with the dye-containing pipette solution
in the whole-cell patch-clamp conﬁguration. Current (up to 300 pA) was
injected to clamp the membrane potentials at 60 to 65 mV using an
Axopatch 200A ampliﬁer, a Digidata 1320A AD/DA converter and
Clampex 8.0 software (Axon Instruments, Union City, CA). The AD/DA
converter and the Clampex software were also used to control the Pockels
cell (model 350-50 KDP*; Conoptics, Danbury, CT) and to record the
ﬂuorescence signal, see below. Patch-pipettes were pulled from borosilicate
glass (Science Products, Hofheim, Germany) on a P-87 puller (Sutter,
Novato, CA) to resistances of 3–5 MV. To allow rapid equilibration of the
cytosol with the pipette solution, the series resistance was kept below 20MV
for at least 15 min after breaking into the cell.
FRAP recordings
Two-photon ﬂuorescence recovery after photobleaching (FRAP) experi-
ments were performed with a mode-locked Ti:sapphire laser (Tsunami;
Spectra Physics, Mountain View, CA) that generated pulses of\100 fs at 80
MHz at a center wavelengths of 825 nm. The laser intensity was modulated
using a Pockels cell and focused onto the specimen with a custom-modiﬁed
Fluoview-300 BX-50 laser-scanning microscope equipped with a 603/0.9
NA water immersion objective (Olympus, Tokyo, Japan). Recordings were
performed between 30 and 120 min after the whole-cell conﬁguration was
established. The 40-kDa FD required a longer loading time of ;45 min
before spines were resolvable. The ﬂuorescence was detected with an
external photomultiplier tube (PMT; HC 125-02, Hamamatsu, Tokyo,
Japan) and sampled either with the Fluoview system (for viewing the
preparation and selecting spines) or (for performing the FRAP experiments)
with the AD/DA converter of the electrophysiology system.
For the FRAP experiments, the laser beam was focused on a single spine
head using the point-scan mode of the Fluoview system and the laser
intensity was set to a monitoring intensity of 4–10 mW (measured at the exit
of the objective). After 500 ms, a bleach pulse (6 ms, 35–65 mW) was
applied and the recovery of the ﬂuorescence monitored for 1.5 s. The
ﬂuorescence signals were low-pass ﬁltered at 300 Hz (AM 502; Tektronix,
Beaverton, OR) and sampled at 1 kHz. After the recording of the spine-head
ﬂuorescence signal, using the same intensity protocol, the specimen
background, the laser intensity, and the system background were recorded
by defocusing, by deﬂecting the (attenuated) laser beam directly toward the
PMT, and by complete blockade of the laser beam, respectively. In some
experiments the monitoring intensity induced a noticeable decline in the
ﬂuorescence during the baseline period. Experiments were discarded if this
bleaching was larger than 15%.
Data analysis
The analysis was performed with custom-written routines in Igor Pro 4.0
(Wavemetrics, Lake Oswego, OR). The spine ﬂuorescence data were
corrected for the specimen background, the laser intensity data for the
system background. Because of the quadratic dependence of the
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ﬂuorescence on the laser intensity (two-photon excitation), the ﬂuorescence
was subsequently divided by the square of the laser intensity, thereby
eliminating distortions of the ﬂuorescence signal due to nonlinear switching
artifacts of the Pockels cell (Brown et al., 1999). Finally, the ﬂuorescence
data were expressed as F/F0, i.e., as ﬂuorescence (F) divided by the baseline
ﬂuorescence (F0).
In analogy to Pusch and Neher (1988) and Svoboda et al. (1996), we used
the following formalism to derive apparent diffusion coefﬁcients (D) from
the FRAP experiments: the time course of ﬂuorescence recovery after
bleaching was described by a differential equation of the form
dcðtÞ
dt
¼ 1
t
ðcd  cðtÞÞ; (1)
where c(t) denotes the concentration of the ﬂuorescently labeled molecules
in the spine head and cd the concentration in the dendrite. The expression is
based on the assumptions that c(t) is independent of space, i. e. that the spine
head represents a well-mixed compartment, and that cd is constant in time.
The ﬁrst assumption holds because diffusional redistribution within spine
heads will occur on timescales of tens of ms, too fast to be detected with our
experimental approach. Thus, c(t) is proportional to F/F0. cd can be assumed
to be constant in time because the volume of the spine head (;0.1 ﬂ; Harris
and Stevens, 1988) is small in comparison to the volume of the adjacent
dendritic compartment (;1.6 ﬂ per mm distance from the spine; Vecellio et
al., 2000). Given the above assumptions, Eq. 1 predicts an exponential
recovery time course with a time constant t (see also Svoboda et al., 1996).
For FRAP experiments on spine heads, Fick’s ﬁrst diffusion law was
adapted according to the above assumptions and using a geometrical model
for the spine neck:
dcðtÞ
dt
¼ Dpr
2
lV
ðcd  cðtÞÞ; (2)
where r is the effective (i.e., corrected for the endoplasmic reticulum) radius
of the spine neck, l the length of the spine neck, and V the effective volume
of the spine head. It should be noted that the ER in the spine neck usually
consists of one thin, centrally located tubule with a rather constant diameter
(Sˇpacˇek, 1985). Thus, at ﬁrst approximation its presence leads to a ho-
mogenous reduction of the effective neck radius and not to variable ob-
structions which would complicate the above geometrical model.
The solutions to Eqs. 1 and 2 are equal if
t ¼ lV
Dpr2
: (3)
In our study, we could not determine the geometrical parameters of each
analyzed spine and, therefore, had to rely on published values (r ¼ 0.09 6
0.01 mm, l ¼ 0.66 6 0.32 mm, and V ¼ 0.083 6 0.02 mm3; mean 6 SD
values taken/computed from Harris and Stevens, 1988). Furthermore, the
measured t values were not normally distributed. Thus, median diffusion
coefﬁcients were calculated according to:
~D ¼
lV
~tpr2
; (4)
where ~t denotes the median t of a given experimental group and r2 the
expectation of r squared.
RESULTS
Fluorescence recovery after photobleaching experiments
were performed on 195 spines of cerebellar Purkinje neurons
(PNs). In a ﬁrst set of experiments, ﬂuorescein dextrans
(FDs) were used to establish and validate a quantitative
analysis of FRAP data; in a second set of experiments, the
mobility of parvalbumin (PV) was investigated in PNs from
wild-type and PV/ mutant mice.
FRAP recordings in spiny dendrites of
Purkinje neurons
FRAP was recorded from individual spines located on distal
dendrites of PNs loaded with 10,000 Da ﬂuorescein dextran
(10-kDa FD, 500 mM; Fig. 1, A and B). Our experimental
approach (Fig. 1 C) was based on the use of a Pockels cell to
rapidly modulate the excitation intensity (Brown et al., 1999)
and the point-scan mode of the scanner system; it allowed
us to monitor the spine ﬂuorescence at a high temporal
resolution and with a high signal-to-noise ratio. A typical
FRAP recording is shown in Fig. 1D. After a baseline period
in which the spine ﬂuorescence (expressed as F/F0, see
Methods) was monitored at low excitation intensity, a brief
(6 ms) high intensity laser pulse (bleach pulse) was applied,
resulting in a steep decline in the ﬂuorescence due to
bleaching of the ﬂuorophores in the spine. The recovery of
the ﬂuorescence after the bleach pulse was well described by
an exponential function (red curve in Fig. 1 D) reﬂecting the
diffusional equilibration between bleached and unbleached
FDs in the spine and the parent dendrite (see Eq. 1). The time
constant t was 70 ms in this example.
Stability of the FRAP recordings
The relatively high laser power directed onto a single spine
during the monitoring phase and during the bleach pulse may
induce phototoxic damage and, thereby, signiﬁcantly affect
t (Koester et al., 1999). To test for this possibility, we
performed multiple recordings on the same spine and
searched for changes in the spine morphology as well as in
the mobility of 10-kDa FD (Fig. 2 A). Repeated FRAP
recordings yielded t values that showed little variability and,
importantly, no systematic increase as described by Koester
et al. (1999). Furthermore, no alterations in the spine mor-
phology were observed, even after 10 successive record-
ings (Fig. 2 A). Fig. 2 B summarizes the results of four
such experiments. It should be noted that phototoxic dam-
age could easily be induced by deliberately increasing the
bleach intensity and/or duration two- to threefold (data not
shown). However, careful adjustment of the duration and in-
tensity of the laser illumination, as performed throughout our
experiments, reliably prevented malicious side effects of
the laser illumination.
We further investigated whether t is affected by the bleach
depth. Besides possible phototoxic damage, stronger bleach
pulses result in larger focal volumes that undergo bleaching
(Denk et al., 1995). As a consequence, ﬂuorophores in the
spine neck and in the parent dendrite may get bleached,
leading to a protraction of the diffusional reﬁlling of the
spine head. However, as illustrated in Fig. 3 A, we found no
correlation between the bleach depth and the t values (r ¼
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0.03, n ¼ 57). Thus, although FRAP recordings of free
diffusion in solution or in the bulk cytoplasm of cell bodies
are sensitive to the initial spatial distribution of bleached
ﬂuorophore (Brown et al., 1999), FRAP recordings in well-
mixed dendritic spines are not and hence are independent of
the bleach depth. Fig. 3 B summarizes the results of all
FRAP experiments performed on 10-kDa FD loaded cells (n
¼ 57, 7–9 spines per cell, 7 cells from 5 animals). Both
within as well as between cells only a small variability of the
t values was observed. Taken together, under our experi-
mental conditions, FRAP recordings on spines represent
a reliable and reproducible measure of diffusion in spiny
dendrites.
The distribution of all t values is shown in Fig. 3 C. As
expected from the nonlinear dependence of t on the radius of
the spine neck (see Methods), the distribution was slightly
skewed toward larger t values. The median t value was 67
ms (51–79 ms interquartile range, IQR, n ¼ 57).
We further tested for an immobile fraction (IF) of the
ﬂuorescently labeled molecules for which an incomplete
return to baseline after the bleach pulse would be the
hallmark (Luby-Phelps et al., 1995; Star et al., 2002) An IF
can be quantiﬁed as the steady-state offset from the baseline
after the bleach pulse divided by the maximum decrease in
ﬂuorescence induced by the bleach pulse (‘‘bleach depth’’;
Luby-Phelps et al., 1995). Although we never observed an
incomplete baseline return in our recordings, immobile
molecules in the spine head may have been bleached during
successive FRAP experiments performed on the same spine.
To decisively exclude an IF of 10-kDa FD molecules, we
performed only one FRAP experiment per spine. The
calculated IF was close to 0 (normalized baseline return ¼
99.7%, n ¼ 57), signifying that 10-kDa FD is freely mobile
in spines.
Relationship between the diffusional mobility
and the molecular weight
According to the Stokes-Einstein relationship, in an aqueous
environment the diffusion coefﬁcient is approximately
proportional to the hydrodynamic radius of the diffusing
particle. Thus, for relatively large molecules, such as
dextrans, D should be proportional to the inverse cubic root
of the molecular weight (M; see, for example, Pusch and
Neher, 1988; Koch, 1999). Assuming an inverse relationship
between t and D (see below), t should be proportional to
M1/3.
To test for the relationship between the diffusional
mobility and M in spiny dendrites, PNs were loaded with
a FD of 40,000 Da (40-kDa FD). A representative FRAP
experiment performed on a 40-kDa FD loaded spine is
illustrated in Fig. 4, A and B. As expected, the time constants
of recovery were larger than those in the 10-kDa FD ex-
periments (115 ms in this example). In all recordings the
FIGURE 1 Molecular diffusion in spiny
dendrites quantiﬁed by two-photon ﬂuores-
cence recovery after photobleaching (FRAP).
(A) Fluorescence image of a cerebellar Pur-
kinje neuron ﬁlled with 10-kDa ﬂuorescein
dextran (10-kDa FD, 500 mM) via a somatic
whole-cell patch pipette (bottom center). The
dendritic region outlined by the red square is
shown at a higher magniﬁcation in B. (B)
Spines on terminal dendrites. The experiment
illustrated in D was performed on the spine
marked by the crosshair. (C) Equipment dia-
gram. Pulsed laser light was intensity-modu-
lated (Icmd) by a Pockels cell and scanned with
a custom-built two-photon laser-scanning mi-
croscope. During the FRAP experiments the
laser beam was restricted to a single spine. (D)
Normalized ﬂuorescence signal (F/F0) from the
spine shown in B during a FRAP experiment.
After a baseline period monitored at low
intensity, a brief pulse (6 ms) of high-intensity
laser light was applied which bleached the
ﬂuorophore in the spine. The time course of
recovery (t) was well described by an ex-
ponential function (red line). The upper trace
shows the residuals, i.e., the data after sub-
traction of the ﬁt.
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ﬂuorescence fully returned to baseline values after the bleach
pulse, indicating the absence of any immobile fraction of 40k
FD. Fig. 4 C shows the variability of the t values within and
between cells, Fig. 4 D the distributions of t values (n ¼ 54,
6 cells, 4 animals). Similar to the 10-kDa FD experiments,
a skewing toward larger t values occurred. The median t
value was 104 ms (80–127 ms IQR). The values were
signiﬁcantly smaller than the corresponding values of the 10-
kDa FD (p\ 0.001, Mann-Whitney Rank sum test).
A linear regression to the logarithmic t values of the two
FDs plotted against the logarithms of their molecular weights
yielded a slope of 0.32 (data not shown). This value is within
the expected range and, thus, at ﬁrst approximation, the
relationship t } M1/3 seems to be valid in spiny dendrites
(but see below).
Mobility of parvalbumin
Having established FRAP-based quantiﬁcation of diffusion
in spines, we next analyzed the mobility of dye-labeled
parvalbumin (PV*). PNs were loaded with 100 mM PV*,
a concentration similar to the assumed dendritic concentra-
tion of the native protein in PNs (50-100 mM; Kosaka et al.,
1993). PV* rapidly diffused within the cell; individual spines
could be resolved after 20–30 min loading time. No
difference in the staining pattern between FD and PV*
experiments was observed, indicating that PV* has free
FIGURE 2 FRAP recordings were reproducible and induced no photo-
damage. (A) Left, images taken before and after 10 successive recordings on
the same spine (marked by the crosshair). The bleach experiments (right)
showed little variability and did not induce noticeable morphological
alterations (left). (B) Summary of four such experiments (2 cells, 2 animals),
the experiment illustrated in A is marked in red. FIGURE 3 Mobility of 10-kDa FD. (A) t values from all 10-kDa FD
experiments (n¼ 57, 7 cells, 5 animals) plotted against the bleach depth. The
solid line represents a linear ﬁt to the data. Note that t is independent of the
bleach depth. (B) t values (median and IQR), grouped for cells. (C)
Distribution of t values binned to 10 ms. The median value of all recordings
was 67 ms (51–79 ms IQR).
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access to all dendritic compartments. A representative FRAP
recording is shown in Fig. 5, A and B. The time course of
recovery was fast and again well described by a mono-
exponential function (t ¼ 42 ms in this example). Within
and between cells there was little variability in the estimates
of t (Fig. 5 C) and, as for the dextrans, the distribution of t
values was skewed toward larger values (Fig. 5 D). The
median t value was 49 ms (37–61 ms IQR, n ¼ 43, 6 cells, 5
animals).
Given the molecular weight of PV (;12,000 Da;
Berchtold, 1996), this value is surprisingly small compared
to those of the dextrans. Speciﬁcally, tPV was signiﬁcantly
smaller than t10kDaFD (p\ 0.001, Mann-Whitney Rank sum
test). Most likely, this discrepancy can be explained by the
tertiary structure of dextrans and PV (Arrio-Dupont et al.,
1996; Kretsinger and Nockolds, 1973). However, it is
evident that the simple relationship t } M1/3 (see above)
does not hold when comparing dextrans and the endogenous
protein PV.
In the example shown in Fig. 5 B, as well as in all other
PV* recordings summarized in Fig. 5 C, the ﬂuorescence
fully returned to the baseline after the bleach pulse. This
implies that PV* had no immobilized fraction, i.e., no large
and/or immobile binding partner(s). However, PNs express
a relatively high concentration of endogenous PV (Kosaka et
al., 1993). Assuming that putative partners bind PV
irreversibly or with rather slow kinetics (on the order of
tens of minutes), the endogenous, nonﬂuorescent PV could
have occupied all binding sites, leaving no available sites for
the added PV*. To test for this hypothesis, we also recorded
FRAP of PV* in Purkinje neurons from PV deﬁcient
(PV/) mice. In these mice, the spines of Purkinje neurons
show morphological alterations (Vecellio et al., 2000),
which impede a direct comparison of t values between
wild-type and PV/ recordings. Nonetheless, the quantiﬁ-
cation of an IF of PV is independent of the morphology of
the spines. Thus, putative binding sites for PV, which would
be fully available in these cells, could be revealed by the
FRAP experiments. However, as illustrated in Fig. 5 E, in
PV/ PNs, the recovery after the bleach pulse was well
described by a monoexponential function and fully returned
to the baseline value. The quantiﬁcation of immobilized PV*
in all FRAP experiments in PV/ cells conﬁrmed the
absence of an IF (normalized baseline return ¼ 100.4%, n ¼
41 from 5 cells and 3 animals).
Estimating D from spine FRAP experiments
Our experimental approach allows estimation of the apparent
diffusion coefﬁcient (D) of the labeled particles: by in-
terpreting the diffusional exchange between spine and den-
drite as diffusion through a pipe and by using published data
on the spine geometry, the measured time constants can be
converted to a median D value (see Methods). Our data pre-
dict apparent dendritic diffusion coefﬁcients of 43 mm2 s1
(34–56 mm2 s1 IQR) for PV, 32 mm2 s1 (27–41 mm2 s1)
for 10-kDa FD, and 20 mm2 s1 (17–26 mm2 s1) for 40-
kDa FD. Fig. 5 F illustrates the dependence of D on the mo-
lecular weight of the diffusing particles. It is evident that the
relationship D }M1/3 (see above) holds approximately for
dextrans but not for comparing dextrans with PV, which has
a signiﬁcantly larger D value.
FIGURE 4 Mobility of 40-kDa ﬂuorescein
dextran (40-kDa FD). (A and B) Representa-
tive FRAP experiment. The crosshair marks the
spine that was analyzed. (C) t values (median
and IQR), grouped for cells. (D) Distribution of
t values binned to 10 ms. The median value of
all recordings was 104 ms (80–127 ms, n¼ 54,
6 cells, 4 animals).
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DISCUSSION
Using two-photon FRAP, we quantiﬁed the mobility of the
endogenous Ca21-binding protein PV in spiny dendrites of
cerebellar Purkinje neurons. FRAP recordings from dendritic
spines have been performed previously for investigating
spineous protein turnover (Star et al., 2002) as well as
diffusional coupling between spines and dendrites (Svoboda
et al., 1996; Majewska et al., 2000a,b). We extended these
previous studies by converting FRAP time constants to
diffusion coefﬁcients based on published data on the spine
geometry and by using mutant animals that lack the protein
of interest to ensure proper identiﬁcation of possible binding
partners. To our knowledge, the present study represents the
ﬁrst measurement of the dendritic diffusion coefﬁcient of
a neuronal protein.
Estimate of apparent diffusion coefﬁcients
Quantiﬁcation of molecular diffusion by two-photon FRAP
was introduced by Brown et al. (1999). The approach allows
the measurement of three-dimensional diffusion in un-
conﬁned solution or within large cellular compartments
(i.e., cell bodies). A prerequisite for this method, however,
is a careful adjustment of the bleach depth to obtain
a well-deﬁned bleach volume. Our approach based on FRAP
recordings from spines lessens the experimental and math-
ematical burden of two-photon FRAP recordings because
the measured diffusive recovery occurs between two well-
mixed compartments (i.e., the spine head and the dendrite)
and the bleach depth is not a critical parameter (Fig. 3 A).
The latter effect is due to the fact that boundary condi-
tions (head size, neck size, etc.) deﬁne the recovery time,
and not the initial distribution of bleached molecules. Thus,
in contrast to three-dimensional FRAP experiments (Brown
et al., 1999), increasing the bleach intensity beyond excitation
saturation does not signiﬁcantly alter the recovery kinetics.
The main limitation of our quantiﬁcation is that it depends
on a rather precise knowledge of the spine geometry. Beside
the length and radius of the head and the neck, the volume of
intracellular organelles (i.e., the endoplasmic reticulum, ER)
is of importance. In the neck, the ER reduces the cytosolic
volume and thus the cross-section available for diffusion; in
the head, it reduces the bleached volume. Both parameters
directly affect the estimate of the diffusion coefﬁcients.
Although the size of the spine head can be approximated
FIGURE 5 Mobility of dye-labeled Parval-
bumin (PV*). (A and B) Representative FRAP
experiment. The spine marked by the crosshair
in A was used for the recording shown in B.
The cell was loaded with 100 mM PV*. (C) t
values (median and IQR), grouped for cells.
(D) Distribution of t values binned to 10 ms.
The median value of all recordings was 49 ms
(37–61 ms, n ¼ 43, 6 cells, 5 animals). (E)
Representative FRAP experiment in a spine
from a PV null-mutant (PV/) animal. The
cell was loaded with 100-mM PV*. Note the
complete baseline return. (F) Logarithm of the
median apparent diffusion coefﬁcients of 10-
kDa FD, 40-kDa FD, and PV* (estimated
according to Eq. 4) plotted against the
logarithm of their molecular weights. The solid
line represents a linear ﬁt through the data of
the dextrans. The slope of this line (0.32) is in
close agreement with the expected dependence
of D on the molecular weight (D } M1/3).
Note that despite the similar molecular weights
of PV* and 10-kDa FD, DPV is signiﬁcantly
larger than D10kDaFD.
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from ﬂuorescence data (Svoboda et al., 1996), the geometry
of the neck as well as that of the ER is well below the
resolution of light microscopy. We, therefore, had to rely on
published data on the morphology of spines of rat Purkinje
neurons (Harris and Stevens, 1988). The application of these
electron microscopic data to our FRAP recordings may have
distorted our quantiﬁcation for the following reasons:
shrinking/swelling due to the ﬁxation process, species
differences, spine variability, and unidentiﬁed obstructions
in the spine neck. Regarding the morphological differences
between in vivo and ﬁxed samples, little quantitative data are
available. Roth and Ha¨usser (2001), for example, found less
than 5% shrinking during the ﬁxation process in brain slices,
which would lead to an error of;10% in our estimates of D
(Eq. 4). Species differences between spines of rat and mice
seem to be rather small. Whereas complete data on spine
heads, necks and spineous ER are only available for rats
(Harris and Stevens, 1988), comparable data from mice show
no signiﬁcant deviations (Sˇpacˇek and Hartmann, 1983;
Sˇpacˇek, 1985). Variability in spine geometry, as documented
by Harris and Stevens (1988), would lead to rather imprecise
quantiﬁcation of diffusion considering a single spine only.
However, calculating median diffusion coefﬁcients from
a large number of spines, as in our study, will efﬁciently
compensate for random variability of spine shape. The
systematic error introduced by imprecise knowledge of the
geometrical spine parameters can be expected to be in the
range of 10–20%. Finally, unidentiﬁed obstructions in the
spine necks may impede the diffusional exchange between
the spine and the dendrite and, consequently, may lead to an
underestimation of D.
Mobility of parvalbumin
We found that PV can access all dendritic branches and
spines, has no large or ﬁxed binding partner, and is highly
mobile. PV’s apparent diffusion coefﬁcient of ;43 mm2 s1
is similar to the 43 and 32 mm2 s1 reported by Maughan and
Godt (1999) for transverse and longitudinal PV diffusion in
frog myoplasm, the only other preparation in which the
mobility of PV has been directly quantiﬁed.
Our experiments on PV/ mutants substantiate the
common, but so far unveriﬁed assumption that PV is a freely
mobile Ca21 buffer in neurons. It could be argued that the
rapid equilibration of exogenous PV in the cytosol (Chard
et al., 1993; Gabso et al., 1997; Maughan and Godt, 1999;
Lee et al., 2000a; John et al., 2001; this study) already indi-
cates free mobility of PV. However, the situation may have
been complicated by high-afﬁnity intracellular binding sites
for PV. A considerable fraction of the Ca21-binding protein
calmodulin (CaM), for example, seems to be immobilized in
smooth muscle cells, hindering washout of the protein even
after Triton-induced permeabilization of the cell membrane
(Tansey et al., 1994). Notably, FRAP experiments on
microinjected ﬂuorescently labeled CaM failed to detect this
ﬁxed fraction (Luby-Phelps et al., 1995), most likely because
the exogenous CaM could not replace the efﬁciently bound
endogenous CaM. Analogously, in wild-type animals, pu-
tative high-afﬁnity binding sites may have been saturated by
endogenous PV and, therefore, not be available for the
injected PV*. However, our experiments on PV/ mice
provide strong evidence against the presence of spineous
binding sites for PV.
As a consequence of its high mobility, PV will be read-
ily washed out during whole-cell patch-clamp recordings.
Assuming an access resistance of 10 MV, the concentration
of endogenous PV in a round cell with a diameter of 15 mm,
for example, will drop with a time constant of;170 s (Pusch
and Neher, 1988). In neuronal dendrites washout will occur
over tens of minutes. Based on the work of Rexhausen
(1992), the PV concentration in terminal dendrites (150–200
mm distant from the soma) of Purkinje neurons will drop
with a time constant of 15–25 min. Thus, in whole-cell
recordings performed on these timescales, the functional role
of PV may be signiﬁcantly underestimated (Lee et al.,
2000b; Schmidt et al., unpublished data).
Functional implications
Its high mobility will allow PV to effectively transport bound
Ca21 between spines and dendrites. Due to this buffered
diffusion, local Ca21 elevations will dissipate faster and
spread over lager distances than in the absence of PV
(Nowycky and Pinter, 1993; Gabso et al., 1997; Naraghi and
Neher, 1997). Because buffered diffusion is known to
profoundly affect Ca21-dependent signaling cascades, as, for
example, IP3-mediated Ca21 release from intracellular stores
(John et al., 2001) and transmitter release (Roberts, 1993;
Tang et al., 2000; Rozov et al., 2001; Meinrenken et al.,
2002), the highly mobile PV may substantially modulate
Ca21-dependent signal integration in spines and dendrites.
If, for example, buffered diffusion would allow Ca21 to
spread from active spines to neighboring inactive spines, PV
could effectively control the spatial extend of heterosynaptic
plasticity within dendritic branchlets.
Can PV shuttle Ca21 between neighboring spines?
According to Allbritton et al. (1992), the range of action of
free Ca21 is only ;0.1 mm (calculated from the diffusion
coefﬁcient of Ca21 (223 mm2 s1) and the concentration and
kinetics of fast endogenous Ca21 buffers). Free Ca21,
therefore, cannot spread between spines (see also Sabatini et
al., 2002). The range of action of buffered Ca21, on the other
hand, can be estimated from the diffusion coefﬁcient (D) of
the buffer and the duration (t) of the Ca21 transient as
;(2Dt)1/2 (Allbritton et al., 1992). For PV, also the slow
Ca21 binding kinetics (Lee et al., 2000b; Schmidt et al.,
unpublished data) need to be considered, which delay the
onset of PV-dependent Ca21 buffering by ;30–100 ms. In
spines and dendrites, synaptically evoked Ca21-transients
last for ;300 ms (Takechi et al., 1998; Sabatini et al., 2002;
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Schmidt et al., unpublished data). Thus, from the above
assumptions and PV’s diffusion coefﬁcient of;43 mm2 s1,
the range of action of PV-buffered Ca21 will be ;4 mm.
Given the spine density in PCs (3.4 spines mm1; Vecellio et
al., 2000) this range covers 10–20 spines.
This surprisingly large range of action of PV-bound Ca21
contrasts with the situation in dendrites of CA1 pyramidal
neurons. In these cells, which seem to lack highly mobile
Ca21 buffers, synaptic Ca21 signals are effectively restricted
to active spines (Sabatini et al., 2002). It is tempting to
speculate that highly mobile Ca21 buffers such as PV allow
Ca21 to breach the spine limit and to extend its signaling
range to larger functional compartments (Eilers et al., 1995b,
1997). Within these units, inactive synapses will receive
a low-pass ﬁltered copy of Ca21 signals from neighboring
spines. Heterosynaptic long-term depression would be
a prime target for such signaling because this form of
synaptic plasticity typically requires relatively small but
long-lasting Ca21 transients (Lisman, 1989; Hansel et al.,
1997; Yang et al., 1999). Thus, by expressing Ca21-binding
proteins with distinct mobilities, neurons could effectively
modulate the size of dendritic compartments in which Ca21-
dependent signal integration occurs.
Two-photon FRAP in spines will allow to quantify
the mobility of further Ca21 binding proteins such as
calbindin D28k or calretinin as well as of other neuronal
proteins. These data will help to validate and to reﬁne
models on the spatio-temporal dynamics of cellular signaling
cascades.
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